Abstract: Novel polyurethanes (PUs), based on oligo(oxytetramethylene glycol), 4,4'-diphenylmethanediisocyanate and 1,1-dimethylhydrazine as chain extender, were prepared in a two-step process. The ratio prepolymer (PP) to chain extender (CE) was systematically varied in extreme ranges, from 1:1 to 10:1. Dielectric relaxation spectroscopy and thermally stimulated depolarization currents (TSDC) techniques were employed to investigate molecular dynamics and to conclude on microphase separation (MS). In that respect TSDC was proven to be very powerful, in particular as far as the investigation of the interfacial Maxwell-Wagner-Sillars polarization is concerned. Additional information on micromorphology is obtained from water sorption/diffusion measurements. A part of the results suggest that MS improves with increasing the PP:CE ratio. The whole body of results can be explained if, at the same time, it is assumed that a branched structure is developed for samples out of stoichiometry and branching increases with increasing the PP:CE ratio. Preliminary experiments with solutions of the PUs in organic solvents provide support for that assumption.
Introduction
Many of the versatile properties of polyurethanes, which make them attractive for widespread applications, arise from their microphase-separated morphology into hard-segment (HS) and soft-segment (SS) microdomains [1] [2] [3] [4] [5] . Several experimental techniques have been employed to study microphase separation (MS) in PUs and to characterize the degree of microphase separation (DMS). These include, first of all, small-angle X-ray scattering (SAXS), as the characteristic sizes of microdomains are in the nm region, and differential scanning calorimetry (DSC) or dynamic mechanical 1 thermal analysis (DMTA) [6, 7] to study the glass transition of the SS microphase [1] [2] [3] [4] [5] . Koberstein et al. discussed problems faced when using SAXS and DSC to measure DMS and calculate microphase compositions and proposed solutions to them [1, 8, 9] . Other techniques employed to investigate MS in PUs include thermally stimulated depolarization currents (TSDC) [10, 11] , dielectric relaxation spectroscopy (DRS) [11] , Brillouin scattering [12] , NMR [13] and sorption studies [14] .
Several factors have been found to affect MS in PUs, such as polarity and length of the segments, crystallizability of either segment, overall composition and flexibility of HS [1, 4, 15] . The preparation conditions [7] and thermal treatment [2, 8] were also found to affect MS in PUs. PUs are often prepared by a two-step process: formation of prepolymer (PP) with reactive NCO-groups by the reaction of an oligoether or oligoester with an aromatic or aliphatic diisocyanate at the first stage, which is then extended with a low-molecular-weight diol or diamine (chain extender, CE) or another compound with active H atoms, respectively, at the second stage [2, 5, 15] . The composition of the mixture, expressed in terms of the NCO:OH mole ratio in the second step determines, in addition to other factors, to a significant extent the morphology of the final product. Linear PUs with hard domains and regularity in their spatial arrangement have been prepared and investigated with NCO:OH ratios below [12] or above 1 [16] . In ref. [16] the NCO:OH ratio was varied between 0.9 and 1.3 and the various characterization techniques employed showed, in agreement with each other, a decrease of DMS with increasing ratio, due to the network formation.
The composition of the mixture can be expressed also in terms of the PP:CE mole ratio in the second step of PU formation. It has been argued that when the PP:CE ratio decreases below 1 linear PUs do not form [17] . We started recently with a research program of preparing novel linear PUs on the basis of oligo(oxytetramethylene glycol) (OE), 4,4´-diphenylmethanediisocyanate (MDI) and 1,1-dimethylhydrazine (DMH) and derivatives of that as CE. In the preceding paper dielectric techniques were employed to investigate molecular mobility in four selected compositions [18] . The ratio PP:CE was systematically varied between 1:1 and 10:1 and linear PUs were formed at a ratio of 1:1 and branched PUs at other ratios, as indicated by investigation of the chemical structure by IR and NMR spectroscopy and by solubility and viscosity measurements of solutions in organic solvents [19] . In the present paper we report the results of our studies on molecular dynamics and phase morphology of six PUs based on OE, MDI, and DMH, where the PP:CE ratio has been systematically varied between 1:1 and 10:1. Broadband dielectric relaxation spectroscopy (DRS) and thermally stimulated depolarization currents (TSDC) techniques have been employed for our studies. Attention is focused on the detailed investigation of the segmental α relaxation associated to the glass transition of the amorphous SS phase and conductivity effects at higher temperatures / lower frequencies, as it is well established that, dissimilar to local (secondary) relaxations, these are sources of information relevant to MS [10, 11, 16, 20] . Additional information on the morphology is obtained from water sorption/diffusion measurements and dielectric measurements at various levels of water content/relative humidity. The results obtained are discussed in relation to those of SAXS and DSC for the same samples, to be presented in detail elsewhere.
Experimental part
Polyurethanes (PUs) were prepared in a two-step process from oligo(oxytetramethylene glycol) (OE) of molecular weight 1000, 4,4´-diphenylmethanediisocyanate (MDI) and 1,1-dimethylhydrazine (DMH). The first stage, formation of the prepolymer (PP), was carried out in the melt, whereas in the second stage, PU formation, N,N'-dimethylformamide was used as solvent. PU films of a thickness of 0.3 -0.5 mm were prepared by solution casting onto a Teflon substrate and evaporation of the solvent to constant weight at 60°C. Two types of structure are formed: linear polymers (A) and low-branched (comb-like) polymers (B).
Tab. Tab. 1 lists composition, PP:CE mole ratio, density, segregation level or overall degree of microphase separation α seg , obtained from SAXS measurements, and glass transition temperature T g measured by DSC. α seg is defined as the ratio of two invariants calculated following the method of Bonart [21] . The first invariant includes the effects of interfacial mixing and the second corrects for the presence of diffuse microphase boundaries [9] . Details of the SAXS measurements and the calculation of α seg and of other parameters related to micromorphology will be given elsewhere. α seg is unity for an ideally separated material and zero for complete mixing. We comment on the values of α seg and T g in Tab. 1 later in relation to DRS and TSDC data. The PUs prepared have been coded as PUx, where x is given by the ratio PP:CE = x :1.
For DRS measurements the complex permittivity, ε = ε' -iε'', was determined as a function of frequency (10 -2 -10 6 Hz) in the temperature range from 120 to 300 K. TSDC measurements were carried out in the temperature range from 10 to 300 K. TSDC corresponds to measuring dielectric losses against temperature at a constant low frequency (equivalent frequency of TSDC measurements) in the range 10 -2 -10
Hz and is an interesting complementary technique to DRS characterized by high sensitivity and high peak resolving power. Details of the methods and the equipment used are given elsewhere [22] [23] [24] .
Equilibrium water sorption/desorption isotherms were measured at 298 K. The samples were allowed to equilibrate to constant weight (sample weights change less than 10 -4 g) in various desiccators, where the relative humidity (rh) was monitored between roughly 0.06 and 0.98 using various saturated salt solutions. The water content h, defined as grams of water per gram of dry sample, was determined by weighing. Drying in vacuum (5·10 -2 Torr) at 350 K for 24 h was adopted as the method for the determination of dry weights.
Dynamic water sorption/desorption measurements were carried out by allowing the dry/fully hydrated sample to equilibrate to ambient rh at 298 K on the pan of an A200S analytic balance (Sartorius), while its weight was continuously recorded. Fig. 1 shows the frequency dependence of the real part (ε') and of the imaginary part (ε'', dielectric loss) of dielectric permittivity for four samples at 295 K. The drop in ε' at high frequencies and the corresponding increase of ε'' to give a loss peak, which is partly out of the frequency range of measurements at this temperature, are due to the α relaxation associated to the glass transition. The increase of ε' and ε'' at low frequencies is associated with conductivity effects: space charge and/or electrode polarization in ε'(f) and free charge motion within the material in ε''(f) [25] . We observe in Fig.1 that these effects are more pronounced for samples PU5 and PU10. The values of ε' over the broad frequency range studied provide a measure of the overall molecular mobility, as they reflect the ability of molecular dipoles for orientation in the applied electric field. This argument is based on the fact that the composition of the PUs studied here is very similar (Tab. 1), so that the differences in ε' between the various samples, partly very significant ( Fig. 1(a) ), reflect differences in chain structure and sample morphology. ε' shows highest values for PU1 and lowest for PU5.
DRS measurements
(a) (b) Fig. 1 . Comparative log-log plot of real part ε' (a) and imaginary party ε'' (b) of complex permittivity at 295 K for four samples indicated on the plot
As it follows from Fig. 1b , the DRS α peak could be studied at temperatures lower than room temperature. A comparative ε'' plot for that is shown in Fig. 2 at 263 K for the same samples as in Fig. 1 . There are three sources of information from a relaxation peak at constant temperature: the time scale, the magnitude and the shape of the response. They are quantified by fitting an appropriate expression to the experimental data, the Havriliak-Negami (HN) expression [26] in this work,
In this equation ω is the angular frequency, ω = 2πf, 0 τ =1/(2πf 0 ) and f 0 a characteristic frequency close to and related with the frequency f max of maximum loss [27] , ε ∞ is ε'(f) for f >> f 0, and α and β are the shape parameters. The second term on the right-hand side of Eq. (1) rationalizes the contribution of dc conductivity, σ dc , to ε*(ω). ε 0 is the permittivity of free space and s < 1 (s = 1 for Ohmic conductivity). Tab. 2. Results of DRS measurements for the α relaxation: relaxation strength ∆ε α , shape parameter β KWW (both at 263 K), VTF parameters B and T 0 , dielectric glass transition temperature T g,diel , and kinetic free volume fraction at Watts shape parameter β KWW (also at 263 K), which is related to α and β, and can be approximately calculated by [25] w .14 1
where w is the full width (in decades) of the relaxation peak at half maximum and 1.14 that for a single Debye peak. We observe in Fig. 2 and in Tab. 2 that ∆ε α decreases significantly with decreasing amount of CE for the first 3 samples. Also, the peak becomes broader with decreasing amount of CE in the mixture. Fig. 3 shows isochronal (constant frequency) ε''(T) plots in the temperature region of the α relaxation for PU10 at several frequencies. The data, recorded isothermally, have been replotted here as a function of temperature to facilitate comparison with TSDC (next section) and with other techniques in the temperature domain, like DSC. As expected, the loss peak shifts to higher temperatures with increasing frequency.
Results for the time scale of the α relaxation and its changes with temperature are shown in Fig. 4 on the basis of the Arrhenius plot for the peak frequency f max for PU10. Two more points have been included in the plot given by T g determined by DSC (Tab. 1) and by the temperature T α of the TSDC α peak (compare next section) at the equivalent frequencies of 10 mHz and 1.6 mHz, respectively. f equ = 10 mHz is typical of DSC measurements in polymers [28, 29] , the choice of f equ = 1.6 mHz for TSDC, corresponding to an α relaxation time of τ =100 s, will be commented on in the next section. The Vogel-Tammann-Fulcher (VTF) equation [11, 18, 29 ]
with temperature-independent empirical parameters A, B and T 0 has been fitted to the DRS data and the values of B (pseudoenergy) and T 0 (Vogel temperature) are listed in Tab 
6 to the DRS data give values for D in the range 11.5 -13.5, similar for the four samples. The concept of fragility has been much used in recent years to classify glass-forming materials with respect to kinetic and thermodynamic aspects of the glass transition. It has been suggested that the fragility controls a number of properties such as structural state dependence, decoupling phenomena, and nonexponentiality of relaxation [30] . Fragility has been linked to the density of configurational and vibrational states, i.e., the density of minima in the potential energy hypersurface in configurational space, and the average barrier separating those minima [30] . The results obtained here suggest that the PUs under investigation are not as fragile as 
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The DSC T g values of Tab. 1 were used and the calculated f g values are listed in Tab. 2. They are in the range of values typically determined for polymers [31] and do not show any systematic variation with the PP:CE ratio.
TSDC measurements
Fig . 5 shows results of TSDC measurements for several samples. The TSDC thermogram, depolarization current against temperature, corresponds to measuring dielectric losses against temperature at low equivalent frequencies in the range 10 -2 -10 4
Hz [11, 16, 18] . At temperatures lower than those shown in Fig. 5 local (secondary) relaxations give rise to peaks, which will not be discussed here. The first peak in Fig.  5 at about 220 -230 K is due to the α relaxation associated to the glass transition. This conclusion is based on a comparison with TSDC results obtained with other PUs [11, 16, 29] . More arguments for that will be provided by comparison with the DRS results reported in the previous section. The TSDC α peak is followed at higher temperatures by a further peak, attributed to interfacial Maxwell-Wagner-Sillars (MWS) polarization and relaxation. This peak is characteristic of spatially heterogeneous, microphase-separated materials, like PUs [11, 16, 29] . It is interesting to compare the TSDC thermogram for PU10 in Fig. 5 with the isochronal ε''(Τ) plots for the same sample in Fig. 3 . The TSDC α peak is shifted to lower temperatures compared to the ε''(Τ) peaks. This is not surprising, as the equivalent frequency of TSDC measurements is lower than the frequencies used to construct the ε''(Τ) plots in Fig. 3 , in agreement also with the comparison of the time scales of DRS and TSDC in Fig. 4 .
The striking result at comparing Figs. 3 and 5 with each other is the lack of any DRS peak corresponding to the TSDC MWS peak. In fact, interfacial polarization, and conductivity effects in general, give rise to a much more complex DRS response than TSDC response. This must be related, at least partly, to the fact that, in contrast to DRS, stimulus and response in TSDC, i.e., polarization and depolarization steps, are separated from each other. The presence of the MWS peak in the TSDC thermogram 8 is a unique feature of TSDC measured on heterogeneous materials and contributes significantly to the use of TSDC as a complementary technique to DRS [11, 16, 29] .
Similar to a DRS loss peak, a TSDC peak is connected with three sources of information, quantified here as peak temperature T (time scale), relaxation strength ∆ε (magnitude of the response) and full width at half maximum W (shape of the response). The relaxation strength ∆ε is calculated from the depolarization charge Q, obtained from the area under the TSDC peak, by [19, 29] 
where A is the cross-sectional area of the sample, E p the polarizing field and ε 0 the permittivity of free space. The values of these quantities for both the α and the MWS peaks are listed in Tab. 3 for the five samples studied by TSDC. In addition, ∆T = T MWS -T α is also listed in the table. Measurements on several other PUs have indicated that the characteristics of the MWS peak may reveal significant information on MS and provided, in particular, some evidence that ∆T increases with increasing DMS [16, 29] . We observe in Tab. 3 some trends in the characteristics of the two TSDC peaks with composition, which will be discussed in section 6.
Tab. 3. Results of TSDC measurements for the α relaxation and the MWS peak: peak temperature, full width at half maximum W, relaxation strength ∆ε and 
Water sorption measurements
Fig . 6 shows the results of water sorption isotherm measurements for PU1. They are representative of those measured also with the other samples. The data were analyzed according to the so-called Guggenheim-Anderson-de Boer (GAB) equation, which is an amended form of the classical Brunauer-Emmet-Teller (BET) equation [32] . Contrary to the BET equation, the GAB equation allows one to take into account the experimental data over the whole range of water activity α (= rh) up to α ≤ 0.98 (i.e., rh ≤ 0.98)
In this equation, h m is the amount of water directly bound to the sorption sites (first monolayer sorption capacity), and k is the ratio of the binding constant of water molecules directly bound to the sorption sites in the first layer and of that of water molecules bound indirectly in the succeeding 'liquid-like' layers; f, in similar way, is the ratio of the standard chemical potential of the indirectly bound water molecules to that of the molecules in the bulk liquid state. For k values higher than 1, site-bound water molecules may be considered as 'strongly bound', while indirectly bound water molecules may be considered as 'loosely bound'. When f = 1, the GAB equation reduces to the BET one and f values smaller than 1 reflect that indirectly bound water molecules are in a still more stable state than are water molecules in the bulk liquid state. Fig. 6 . Water content h against relative humidity rh for PU1 at 298 K. The line is a fit of the GAB equation (Eq. (7)) to the sorption data Eq. (7) gave good fits to the sorption data for all the PUs studied of the quality of that shown in Fig. 6 . The most significant parameter, h m , is listed in Tab. 4 for the various PUs studied. h m decreases in general with decreasing the amount of CE in the mixture. The same trend follows also h max , which is the maximum amount of water sorbed in the sample, except for PU10. h m is in the range of values determined for other PUs before [31] . Furthermore, similar to other PUs studied previously [32] , the fits gave for all the samples k values larger and f values smaller than 1. These results suggest that the binding energy for the water molecules sorbed at primary hydration sites exceeds that of water indirectly (loosely) bound, which then is larger than the energy of water-water interaction in bulk. Hysteresis effects in Fig. 6 are negligible, they were found larger in the samples with smaller CE content. where (∆m) t is the water uptake or loss at time t (sorption or desorption, respectively), (∆m) ∞ the corresponding value at equilibrium, and l the thickness of the sample, presumed constant over the whole sorption/desorption process. Values of D s and D d are listed in Tab. 2. They show large scattering, due to the relatively low amount of water sorbed in the PUs under investigation, and no systematic variation with the amount of CE and the mode of measurement (sorption or desorption). Fig. 7 . Water content, h, dependence of dc conductivity σ dc for the samples indicated on the plot. The straight lines are guides for the eye Fig. 7 shows one of the results obtained with dielectric measurements at various levels of water content at fixed temperature (298 K): dc conductivity σ dc as a function of water content for two samples. σ dc has been obtained as the plateau (frequencyindependent) value of ac conductivity σ ac (f) at low frequencies, calculated by [25] 
The results in Fig. 7 show that σ dc increases with increasing water content. This is a result of plasticization and it has been suggested that the effect shows some similarities with that of the increase of temperature at fixed water content [25] . The straight lines in Fig. 7 (also for the other samples not shown here) suggest an exponential increase of σ dc with h, a point which will be further followed in future work.
General discussion
We discuss first the relationships between DRS and TSDC results. The timescales of the two responses can be compared with each other on the basis of the Arrhenius plot (Fig. 4) where B and T 0 are the VTF parameters in Tab. 2, T α the TSDC peak temperature in Tab. 3 and b the heating rate of the TSDC measurements. The calculation gives 6·10 -3 Hz for PU10 and similar values for the other PUs, which is of the same order of magnitude as the one used in Fig. 4 and would give an even better agreement between the VTF fit and the TSDC response.
It is not possible to compare with each other the shape of the two responses in absolute values. However, both β KWW in Tab. 2 and W α in Tab. 3 show the same trend, namely a broadening of the response with decreasing amount of CE. With respect to the magnitude of the response, the two techniques can be directly compared with each other. Fig. 8 shows ∆ε α for the various PUs studied determined by both techniques. The trend of ∆ε α decreasing with decreasing amount of CE is common to both techniques. We should actually expect the TSDC values to be slightly larger than the DRS values, however, we observed systematically the opposite. The reason why we should expect higher TSDC values is that ∆ε α is temperature dependent (not shown here), increasing slightly with decreasing temperature, and the TSDC α peak is recorded at a lower temperature than the DRS α peak. The reason why we measured the opposite is that the environmental conditions were actually different in the two experiments: ambient conditions in DRS against vacuum in TSDC. Systematic DRS and TSDC measurements on PUs at various, well-defined water contents have shown that ∆ε α increases with increasing water content [32, 35] . We turn now our attention to the implications from the DRS and the TSDC results on MS in the PUs under investigation. The SAXS results in Tab. 1, to be described in detail elsewhere, suggest that DMS increases, in general, with decreasing amount of CE, show, however, significant scattering. The same conclusion can be drawn also from the DSC data, as T g decreases, in general, with decreasing amount of CE. T g in Tab. 1 corresponds to the amorphous SS phase and the decrease of T g towards that of the pure SS phase is typically taken as a manifestation of increasing DMS [4] . It should be mentioned here that the DSC measurements have also indicated that no crystallinity is observed in the SS phase. Similar to the SAXS data, the DSC data suffer also from significant scattering, rendering the conclusion on the DMS dependence on the PP:CE ratio ambiguous. So, for example, PU7.5 should have a high value of DMS according to its PP:CE ratio; it shows, however, the lowest one on the basis of both SAXS and DSC. Thus, the results in Tab. 1 may suggest that other effects, such as defects in the structure of the PUs with high PP:CE ratio [18] , may also have an influence on the SAXS and DSC data and this should be taken into account in the interpretation of the data in terms of MS. Comparison with the results obtained by other techniques, such as DRS, TSDC and water sorption/diffusion here, may shed more light on that point.
The use of TSDC provides the possibility to consider, in addition to α, one more relaxation related to micromorphology, namely the interfacial MWS relaxation. Whereas the results on the width W MWS and the relaxation strength ∆ε MWS in Tab. 3 do not show any systematic variation with the PP:CE ratio, ∆Τ = Τ MWS -T α increases clearly with decreasing PP:CE ratio, except for PU10 with the extreme ratio 10:1. Previous work on TSDC in PUs, including thermoplastic [16, 29] and elastomeric ones [16] , indicated that ∆Τ increases with increasing DMS. Thus, the results on the MWS peak in Tab. 3 provide clear evidence in support of the interpretation of the SAXS and DSC data that DMS increases with increasing PP:CE ratio.
The DRS and the TSDC data for the α relaxation in Tabs. 2 and 3, respectively, show, in excellent agreement with each other, that with increasing PP:CE ratio the response becomes faster, smaller and broader. The variation of the corresponding quantities with the PP:CE ratio is by far more systematic than that of the SAXS and the DSC data in Tab. 1. So, T α in Tab. 3 and T g,diel in Tab. 2 decrease monotonically with increasing PP:CE ratio. We interpret this decrease as a clear indication that DMS increases with increasing PP:CE ratio. The results for the magnitude and the width of the relaxation are then difficult to understand. The amount of OE, the soft component responsible also for the α relaxation, is practically constant in the series of PUs studied. Thus, from that point, ∆ε α should not decrease with increasing PP:CE ratio. Moreover, the increasing DMS with increasing PP:CE ratio should, intuitively, lead to an increase of ∆ε α . We have no data on that point from previous TSDC work on PUs, as the amount of the soft component was varied significantly from sample to sample. From the methodological point of view it is interesting to note that in DSC the heat capacity jump at T g , ∆C p , increases with increasing phase mixing, because then other chains, mixed with the soft component, participate in the transition [4] . Even if we assume the same for the dielectric data, the relaxation should then become at the same time broader, in contrast to our observation.
Thus, we are led to look for another effect, which provides a decrease and a broadening of the α relaxation with increasing PP:CE ratio. Crosslinking, observed with other PUs out of stoichiometry [12, 16] , like the samples under investigation here, where the ratio of NCO-groups to active H atoms changes from 0.95, at the PP:CE ratio 1:1, to 1.8, at the PP:CE ratio 10:1, cannot be that effect, as the PUs prepared here are soluble in organic solvents. However, branching could be that effect, as it is consistent with decrease and the broadening of the dielectric response, similar to networking, and, at the same time, with solubility of the final product in organic solvents. In fact, preliminary measurements of solubility and viscosity of solutions of the PUs under investigation here in organic solvents indicate increased branching with increasing PP:CE ratio.
Thus, the results of the dielectric studies suggest that with increasing PP:CE ratio DMS increases and, at the same time, a branched structure is developed. The various techniques employed and the quantities measured and calculated reflect then different aspects of the morphology developed and this may explain some inconsistencies appearing if only MS is taken into account.
Finally, we discuss the results of the water sorption/diffusion measurements in the light of the conclusions drawn above for the morphology of the samples. The results of equilibrium sorption measurements are self-consistent, in the sense that h m in Tab. 4 follows the changes observed with h max , thus suggesting that the process of water sorption is similar in all the PUs studied. The values of h max and h m , as well as of D from the dynamic experiments, are in the range of values obtained also with other PUs [32, 35] . The decrease of h max and h m with increasing PP:CE ratio cannot be explained with the increase of DMS; it is, however, understandable as a result of increasing branching and, thus, non-accessibility of potential primary hydration sites. The results of dynamic experiments give values of D in Tab. 4, which do not change systematically with the PP:CE ratio. This reflects simply the fact that D tends to increase with increasing DMS and, at the same time, to decrease with increasing branching, as this provides more obstacles to the motion of water molecules. It is interesting to note in this connection that in previous work several results obtained with water sorption/diffusion in PUs could not be explained solely in terms of DMS [32, 35] .
